Abstract DNA aneuploidy has been identified as a prognostic factor for epithelial malignancies. Further understanding of the translation of DNA aneuploidy into protein expression will help to define novel biomarkers to improve therapies and prognosis. DNA ploidy was assessed by image cytometry. Comparison of gel-electrophoresisbased protein expression patterns of three diploid and four aneuploid colorectal cancer cell lines detected 64 ploidyassociated proteins. Proteins were identified by mass spectrometry and subjected to Ingenuity Pathway Analysis resulting in two overlapping high-ranked networks maintaining Cellular Assembly and Organization, Cell Cycle, and Cellular Growth and Proliferation. CAPZA1, TXNL1, and HDAC2 were significantly validated by Western blotting in cell lines and the latter two showed expression differences also in clinical samples using a tissue microarray of normal mucosa (n = 19), diploid (n = 31), and aneuploid (n = 47) carcinomas. The results suggest that distinct protein expression patterns, affecting TXNL1 and HDAC2, distinguish aneuploid with poor prognosis from diploid colorectal cancers.
Introduction
Colorectal carcinomas (CRC) constitute the third most common malignancy in the Western world. Two major molecular subtypes of CRC have been determined that are associated with distinct clinical prognosis: chromosomal instability (CIN) and microsatellite instability (MSI). MSI CRCs account for 15-20% of sporadic cancers and result from a loss of the DNA mismatch repair function. By failing to repair spontaneous errors that occur during replication, these tumors accumulate frame-shift mutations affecting tumor suppressor genes [1] . MSI tumors are known to present diploid tumor cell populations with few, if any, karyotypic abnormalities and show a favorable clinical prognosis [2, 3] . In contrast, CIN cancers are associated with an inferior prognosis [4] . These tumors are characterized by aneuploidy, i.e., tumor cell populations showing abnormal and highly scattered DNA stem line values higher than 5c. At the chromosomal level, aneuploid carcinomas show numerical chromosomal aberrations that define tumor entity specific patterns [5, 6] . Interestingly, a gain of chromosome 7 can already be observed in premalignant lesions of aneuploid colorectal carcinomas, e.g., in adenomas [7] . Such aberrations are faithfully maintained during disease progression and alter the protein expression [8, 9] . Aneuploid carcinomas (CIN type) account for about 80% of all sporadic colorectal carcinomas. Aneuploidy is associated with poor prognosis, disease recurrence, and death from colorectal cancer [4, 10] . Based on ploidy measurements of 260 CRCs, we could describe aneuploidy to be the strongest independent prognostic marker for colorectal cancer patients that underwent curative surgery (R0-resected) and were devoid of metastasis [11] . Our analysis showed that in addition to aneuploidy, age was also of prognostic value for R0-resected patients. Despite these findings, neither causes nor consequences of aneuploidy for colorectal carcinogenesis have been sufficiently elucidated. Furthermore, no distinct proteins are known that define aneuploidy properties and are applied in a clinical setting. Against this background we considered it highly important to identify aneuploidy-associated protein expression changes that could unravel novel targets for improved therapy options and prognosis markers. This was primarily accomplished by identifying aneuploidy-associated proteins by means of 2-DE analysis of colorectal cancer cell lines of defined ploidy types. It was further complemented by validation of identified candidate proteins using a tissue microarray containing clinical samples from diploid and aneuploid colon carcinomas with an overall 5-year follow-up survey. For overall study design, please see Fig. 1 .
Materials and methods

Material
The human colorectal cancer cell lines DLD-1, HCT116, LoVo, COLO 201, HT-29, T84, and Caco-2 were purchased from ATCC-Promochem Ò and cultured according to the manufacturers' recommendations (http://www. lgcstandards-atcc.org/, Supplemental Table 1 ) to a confluency of 80%. All mediums were supplemented with 1% (v/v) antibiotics (penicillin and streptomycin (#P11-010, PAA Laboratories GmbH, Pasching, Austria)) and 5-20% (v/v) unheated fetal bovine serum (#A15-151, PAA Laboratories GmbH, Pasching, Austria). Culture conditions for all cell lines were 37°C with 5% CO 2 , except for DLD-1, LoVo, and COLO 201, that required no CO 2 .
Patients
For clinical validation of differentially expressed proteins, colorectal carcinomas and adjacent normal mucosa of 78 patients were randomly selected from 260 patients that were part of a cohort of 1,840 patients undergoing surgery for colorectal malignancy at the Department of Surgery, University Clinic Schleswig-Holstein, Campus Lübeck, Germany, between 1994 and 2007. For the 260 patients, ploidy measurements were available as published by Gerling et al. [11] . Of those, 78 patients were randomly selected for tissue microarray validation. This subgroup, however, reflected the same prognostic means as the cohort of the 260 CRC patients. Clinical data comprised age, sex, post-operative TNM staging and grading (for an overview of patient cohorts see Table 1 ). Subsequent to operation, patients were seen on a regular basis in our clinic for post-operative surveillance (overall mean time of surveillance was m = 4.74 years; mean surveillance for patients included in survival analysis was m = 4.08 years). Clinical data are summarized in Table 2 . Patients who underwent neoadjuvant radiotherapy for rectal tumors were excluded. Patients matching the Amsterdam II-criteria for the hereditary-nonpolyposis-colorectal-cancer (HNPCC) syndrome were also excluded [12] . For survival analysis, patients with palliative treatment (R1 resection) and a survival of \30 days after surgery were excluded. Clinical material was collected from surgically removed tissue adhering to guidelines of the local ethical review board. Carcinoma tissue was used for touch preparation slides (imprints) for subsequent nuclear DNA content measurements by image cytometry. In addition, paraffin-embedded specimens of all 78 carcinomas were used for hematoxylin-eosin stained sections in routine histopathology assessment and for a tissue microarray in immunohistochemical evaluation of identified protein markers.
Methods
Genomic instability assessment
Genomic instability was assessed by nuclear DNA ploidy measurements by means of image cytometry using Feulgen stained cytospins (cell lines) and imprints (clinical specimens). The staining procedure, internal standardization, and cell selection criteria were based on methods described [13] . At least 500 nuclei per cell line and imprint were selected interactively and the DNA content was measured quantitatively using the ACAS imaging system (Ahrens ACAS, Hamburg, Germany). All DNA values were expressed in relation to the corresponding staining controls (lymphocytes), which were given the value 2c, denoting the normal diploid DNA content. The DNA profiles were classified according to Auer (Fig. 2a) [13] .
Histograms characterized by a single peak in the diploid or near-diploid region (1.5-2.5c) were classified as type I. The total number of cells with DNA values exceeding the diploid region ([2.5c) was \10%. Type II histograms showed a single peak in the tetraploid region (3.5-4.5c) or peaks in both the diploid and tetraploid regions ([90% of the total cell population). The number of cells with DNA values between the diploid and tetraploid region and those exceeding the tetraploid region ([4.5c) was \10%. Type III histograms represented highly proliferating near-diploid cell populations and were characterized by DNA values ranging between the diploid and the tetraploid region. Only a few cells (\5%) showed more than 4.5c. DNA histograms of types I, II, and III thus characterize euploid cell populations. Type IV histograms showed increased ([5%) and/or distinctly scattered DNA values exceeding the tetraploid region ([4.5c) reflecting aneuploid populations of colon mucosa nuclei with decreased genomic stability. All DNA histograms were evaluated by three independent investigators who were unaware of the clinical and histopathological data of the patients. Protein expression analysis
Protein extraction of colorectal cell lines
Colon cell lysates from diploid and aneuploid commercially available cell cultures were prepared in lysis buffer [5 mM sodium diphosphate (Na 4 P 2 O 7 ), 100 lM sodium orthovanadate (Na 3 VO 4 ), 5 mM sodium fluoride (NaF), 830 lM benzamidine, 1 lg/ml aprotinin, 1 lg/ml leupeptin, and 1.74 lg/ml phenylmethylsulfonyl fluoride (PMSF)]. Briefly, after washing the cells twice with pre-chilled 1x PBS (4°C), the cells were scraped off into 2.5 ml of ice-cold lysis buffer per T-175 flask. The cell solution was transferred to a preweighted Eppendorf tube and was centrifuged at 2,000 rpm for 3 min at 4°C. The pellet was dissolved in 1 ml of lysis buffer and re-centrifuged at 5,700 rpm for 5 min at 4°C. Prior to storage at -80°C and after discarding the supernatant, the wet weight (WW) of the pellet was determined. For protein-profiling, each pellet was thawed on ice and resuspended in 1.89 ll Milli-Q water per mg WW (1.89 9 WW ll). The suspension was frozen and thawed four times. A volume of 0.089 9 WW ll 10% SDS, including 33.3% mercaptoethanol, was mixed with the sample and incubated 5 min on ice with 0.329 9 WW ll of a solution of DNase I (0.144 mg/ml 20 mM Tris-HCl with 2 mM CaCl 2 9 2 H 2 O, pH 8.8) and RNase A (0.0718 mg/ml Tris-HCl). The sample was frozen and lyophilized. Sample buffer including 9 M urea, 0.15 mM PMSF, 0.5% Nonidet P-40, 0.36 mM 2, 6-di-butyl-4-methylphenol (BHT), 25 mM 3-(3-chloramidopropyl)-dimethylammonio-1-propanesulfonate (CHAPS), 1 M EDTA, 0.5 mM benzamidine and 65 mM dithiothreitol (DTT) was added carefully, mixed for 3 h, and centrifuged for 15 min at 10,000 rpm to remove insoluble material. Samples were stored at -80°C prior to protein determination.
Protein quantification according to Bradford
Protein concentrations of cell line extracts were determined in quadruplicates by addition of 25 ll concentrated BioRad assay (Bio-Rad, CA, USA) to 1 ll solubilized sample diluted in 100 ll Milli-Q water using 96-well microplates [14] . A standard curve was constructed using different concentrations of bovine serum albumin. Plate reading was performed with a Multiscan reader (Labsystems, VA, USA).
Two-dimensional gel electrophoresis
After protein quantification, 2-DE was performed for all seven cell lines in triplicates as described [15, 16] . Briefly, all samples were diluted with rehydration buffer containing 7 M urea, 2 M thiourea, 1% CHAPS, 0.5% immobilized pH gradient (IPG) buffer, 0.3% (DTT) and a trace of bromophenol blue. In total, 75 lg of each sample was diluted in 300 ll rehydration buffer and applied to precast immobilized pH gradient strips (IPG), IPG 4-7 linear, 17 cm (Bio-Rad, CA, USA). The isoelectric focusing (IEF) was performed in a Protean IEF cell (Bio-Rad, CA, USA) at 20°C, reaching approximately 52,900 Vhs. The separation was performed stepwise, starting at 500 V (1 h), increasing from 1,000 V (gradient, 1 h) over 8,000 V (gradient, 3 h) to the final focusing step for 5.5 h at 8,000 V. After isoelectric focusing, the strips were immediately equilibrated for 2 9 15 min with 50 mM Tris-HCl, pH 8.8, in 6 M urea, 30% glycerol and 2% SDS. DTT (2%) was included in the first and iodoacetamide (2.5%) in the second equilibration step to reduce S-S bonds and alkylate-free thiols. 10-13% acrylamide gradient gels (1.5 9 200 9 230 mm) with 1% SDS were used for second-dimension gel electrophoresis. The IPG strip was placed on the surface of the second-dimension gel and sealed with 0.5% agarose in SDS-electrophoresis buffer (25 mM Tris base, 192 mM glycine, 0.1% SDS). The gels were run overnight at constant 100 V and 12°C to reach 2,000 Vhs.
Silver staining
After electrophoresis, the gels were fixed with 30% ethanol and 10% acetic acid for 2 9 30 min, incubated in 
Image analysis
Silver-stained 2-DE gels were imaged using a flatbed scanner (GS 710, Bio-Rad, CA, USA), and were further analyzed by the PDQuest 2-DE analysis software (version 8.0.1, Bio-Rad, CA, USA). The analysis included protein spot detection, background subtraction, and quantification [17] . Each spot obtained an individual identification number (SSP). Matching results of the semi-automated gel-togel algorithm provided by the software were manually controlled in order to avoid and correct automated matching errors. The individual protein spot quantity was normalized to the total quantity of the valid spots present in the gel.
In-gel digestion and mass spectrometry
Digestion of the proteins in the excised spots was performed as described [18] . Gel pieces were de-stained, trypsin (80 ng in an appropriate volume of 50 mM ammonium bicarbonate/10% acetonitrile (ACN)) was added and incubation was carried out at 30°C over night. Digestion was stopped by acidification with trifluoroacetic acid (TFA) and resulting peptides were diluted with 20 ll 0.1% TFA. For matrix-assisted laser desorption/ionization (MALDI), the peptide extracts were concentrated and desalted with lC18 ZipTips (Millipore, MA, USA) by siphoning about ten times and washed twice with 15 ll 0.1% TFA. The tryptic fragments were eluted to the MALDI target with 75% ACN/0.1% TFA, containing halfsaturated alpha-cyano-4-hydroxy cinnamic acid as matrix and analyzed by matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-ToF-MS) in an Ultraflex III TOF/TOF instrument (Bruker Daltonics, Bremen, Germany). MALDI-ToF mass spectrometry produced peptide mass fingerprints (up to 86 observed peptides per spot with a S/N [6) were analyzed using the flexAnalysis v2. Only protein hits with three or more matching peptide masses and a sequence coverage of at least 10% were considered. Internal calibration was achieved by analysis of autolytic trypsin cleavage products resulting in an accuracy of ±0.04 Da. Judgment of significance was based on the expectation value, number of matching peptide masses, and agreement between experimental and theoretical physical properties of the proteins.
Pathway analysis
As an exploratory approach, we used Ingenuity Pathways Analysis (IPA) software (www.ingenuity.com, Version 8.0-2602) to assess the involvement of differentially expressed proteins in pathways and networks. IPA is a widely utilized comprehensive database and software based on the Ingenuity Pathways Knowledge Base (IPKB) [19, 20] . The term ''pathway'' is used to refer to canonical pathways that annotate genes or proteins of interest to known metabolic or signaling cascades as described in the Kyoto Encyclopedia of Genes and Genomes (KEGG, www.genome.jp/kegg). Networks, however, are dynamically generated by IPA as groups of proteins that interact with a defined protein of interest, i.e., in our analysis differentially expressed proteins. IPA networks can include several genes or proteins and can also allow identification of indirect interactions between targets of interest. Thus, the uploaded proteins of interest are used to map molecular networks that indicate how these may influence each other above and beyond already known interaction maps as derived from, e.g., KEGG pathways. The IPA generated networks are ranked using a score that is calculated as the negative logarithm of the p value. This p value indicates the likelihood of the proteins of interest being found together in a common network due to random chance. A score C5 was considered to reflect a significant network.
Western blotting
Selected proteins based on the 2-DE/MALDI experiments were analyzed further using commercially available antibodies. A total of 15 lg of cell lysate was resolved by electrophoresis on a 7.5 or 16% SDS polyacrylamide gel (150 V) in a running gel buffer containing 25 mM Tris base, 192 mM glycine, and 0.1% SDS. The samples were transferred to PVDF membranes for 80 min, at 150 mA. In order to control the protein transfer, each membrane was reversibly stained by Ponceau red. The membranes were then blocked for 60 min in 5% dry milk and were incubated overnight with the following antibodies (1 lg/ml): PRDX2 monoclonal antibody, clone 4E10-2D2 (Mouse monoclonal, Abnova, Taipei, Taiwan), HDAC2 monoclonal antibody, clone HDAC2-62 (Mouse monoclonal, GeneTex, TX, USA), TXNL1 monoclonal antibody, clone 1A10 (Mouse monoclonal, Abnova, Taipei, Taiwan), GNAS polyclonal antibody (Mouse polyclonal, ProteinTech Group, MI, USA), CAPZA1 polyclonal antibody (Mouse polyclonal, Abnova, Taipei, Taiwan), YWHAQ monoclonal antibody, clone 3F7 (Mouse monoclonal, GeneTex, TX, USA), and beta-actin monoclonal antibody (Mouse monoclonal, Abnova, Taipei, Taiwan). After incubation of membranes with goat anti-mouse secondary antibody (1:2,000, Santa Cruz Biotech, CA, USA) final visualization was carried out with the ECL kit (Bio-Rad, CA, USA). Densitometric analysis was performed using QuantityOne software version 4.5.2 (Bio-Rad, CA, USA).
Tissue microarray-based immunohistochemistry
Based on ploidy status assessment of 260 colorectal cancer specimens described earlier [11] , tissues of 31 diploid and 47 aneuploid colorectal carcinomas were selected as well as 19 adjacent normal mucosa specimens, for which sufficient paraffin-embedded tissue was available. These tissues were implemented into a tissue microarray as described [21, 22] . Briefly, small biopsies were retrieved from selected regions of donor paraffinized tissue blocks using hollow stainlesssteel needles with an inner diameter of 1.5 mm. Cores were inserted into a standard-sized recipient array block. The TMA was constructed using a semiautomated arrayer (TMArrayer, Pathology Devices, MD, USA). For an overview of the TMA set-up, see Fig. 2b .
After construction of the array block, a hematoxylineosin stained 5-lm section was reviewed by one seasoned pathologist. For immunohistochemical analysis, 5-lm-thick sections were cut, heated to 60°C, deparaffinized, and rehydrated. The sections were blocked with peroxidase twice for 10 min (#S2001; company's replacement product is #S2003), peroxidase blocking reagent, DAKO, Glostrup, Denmark). Sections were incubated with primary antibodies against HDAC2 (monoclonal, GeneTex Inc., diluted 1:150), CAPZA1 (polyclonal, ProteinTech Group Inc., diluted 1:20), and TXNL1 (monoclonal, Abnova Corporation, diluted 1:125) overnight at 4°C. Staining was performed using the Strpt-ABComplex/HRP kit (#K0492; replacement product #K0675, DAKO, Glostrup, Denmark) and the peroxidase-specific substrate 3-amino-9-ethylcarbazole (#K3464, DAKO, Glostrup, Denmark) according to the manufacturer's instructions. Immunopositivity of epithelial cells for each marker protein was assessed semiquantitatively as follows: 0, negative (no cells stained); 1, weakly positive (\20% of cells stained); 2, moderately positive (20-50% of cells stained); or 3, strongly positive ([50% cells stained). For CAPZA1 cytoplasmic staining was analyzed, for TXNL1 and HDAC2, nuclear staining. All stains were scored by three independent observers (T. G., T. B., J. K. H.) being unaware of sample assignments to ploidy group and clinical data. Inter-observer variability was measured using Kappa statistics.
Statistical analysis
2-DE protein expression data were pre-processed by log transformation and missing values were replaced with the aid of two different approaches. On the one hand, a missing value was substituted by the mean value of both remaining technical replications. On the other hand, a missing value was replaced with the minimum of all observed expression values. In order to measure agreement between replications, Bland-Altman plots were computed [23] . Based on the data pre-processing described above, two independent down-stream analyses were performed. First, an analysis of variance (ANOVA) with repeated measurements was calculated to determine the effect of ploidy, the replicate and their interaction on the observed expression value. Proteins with a p value for ploidy \0.05 and a p [ 0.05 for the interaction term were selected for MS. Second, a random forest approach was used to classify cell lines as diploid or aneuploid [24] . This machine learning method ranks the protein spots according to their importance for classification. Variable importance was calculated using two methods based on the Gini index and permutation, respectively. In order to select the most important proteins, an iterative variable selection procedure was applied [25] . At each iteration, half of the variables with low importance scores were discarded and a new forest was built followed by re-estimation of variable importance. Only the most important variables based on the final forest with 25 variables were used for MS. Fold change was calculated as a ratio of the exponentiated weighted mean of median expression values in aneuploid over diploid cell lines. For analysis of Western-blot data, one-sided t tests were calculated with alternative hypotheses based on observed expression differences in 2-DE gel data.
Inter-individual observer agreement for TMA data was analyzed by overall agreement and kappa coefficients [26] . Samples remaining inconclusive after discussion were excluded from further analyses. One-sided Fisher's exact tests were used for comparison of aneuploid and diploid tumors. According to observed protein expression HDAC2 and TXNL1 distinguish aneuploid from diploid colorectal cancers 3267 differences in 2-DE gels, hypotheses were defined for Western-blot analysis. Cut-offs for grouping expression values into two categories were selected based on minimal p values. Survival curves were estimated by Kaplan-Meier and a log-rank test was calculated to compare survival in patients with aneuploid and diploid tumors. Patients that died within 30 days or received a palliative treatment were excluded. For each test, a significance level of 5% was used. Because of the explorative study design, p values were not adjusted for multiple comparisons. All statistical analyses were performed using the statistical software package R version 2.9.1.
Results
Genomic instability and ploidy-associated survival DNA ploidy assessment was performed by means of image cytometry and in accordance with the Auer classification [13] . Ploidy assessment determined the colorectal cancer cell lines DLD-1, HCT116, and LoVo to be diploid. In contrast, Caco-2, HT-29, T84, and Colo 201 were classified as aneuploid (Table 3) . Ploidy-type classification of cell lines was further supported by comparative genomic hybridization (CGH) and spectral karyotyping (SKY) analyses (Supplemental Fig. 1a -f and http://www.ncbi. nlm.nih.gov/sky/) [27, 28] . The clinical colorectal carcinoma samples were obtained from a larger patient cohort of 260 CRCs that were all assessed by image cytometry. In this cohort, aneuploidy proved to be the strongest independent prognostic marker for R0-resected colorectal cancer patients [11] . Out of this cohort, we selected 31 diploid and 47 aneuploid malignancies for which paraffin-embedded specimens were available (Table 1) . These samples constituted the tissue microarray used for clinical validation of identified protein biomarkers (Fig. 2b) . In this cohort, aneuploid colorectal carcinomas are presented with an inferior survival (p = 0.04) (Fig. 3) . Thus, our tissue microarray was sufficient for IHC validation of aneuploidyassociated protein expression changes of prognostic value.
Protein expression analysis
Two-dimensional gel-electrophoresis (2-DE) and mass spectrometry
PDQuest-based imaging of the gels detected on average 1,200 protein spots within a single gel (range 978-1,432) while achieving a match-rate of 73%. Bland-Altman plots were computed and demonstrated a low degree of heterogeneity between replicates (data not shown). Two independent statistical analyses were performed revealing 38 (ANOVA analysis) and 31 (random forest) protein spots that were differentially expressed between the diploid and aneuploid cell lines. A total of five protein spots were common to both statistical methods resulting in a total of 64 differentially expressed protein spots. All spots were subsequently subjected to MALDI-ToF MS. No conclusive identity could be obtained for 38 spots, with 20 of them showing only faint silver staining in the 2-DE gels. The remaining 26 spots were identified by peptide mass fingerprinting and scanning the latest version of NCBI's sequence database with the obtained mass data. Eight proteins were higher and 18 lower expressed in the aneuploid relative to the diploid cell lines (Fig. 4, Supplemental Figs. 2, 3 ).
Pathway analysis
In order to identify common networks and canonical pathways containing the 26 differentially expressed proteins, we used Ingenuity Pathway Analyses (IPA). Networks with a score C5 were considered significant. A total of 24 of the 26 identified proteins were recognized by the Ingenuity knowledge database as being eligible for network creation. Based on these, a total of three networks were projected by the software: the highest ranked network reached a score of 32 and included 13 of the 24 differentially expressed proteins, namely CAPZA1, GNAS, HBB, HDAC2, HSPA8, HSPA9, KRT8, KRT9, KRT18, KRT19, NPM1, PDIA3, YWHAQ (Fig. 5a ). This network was significantly associated with functions regarding Cellular Assembly and Organization and Cellular Function and Maintenance. The differentially expressed protein HSPA8 was identified as a major central node of the first network. The second network reached a score of 23 and included ten Fig. 4 differentially expressed proteins (EIF4A1, HNRPH1, PRDX2, PSMD13, SARS, TPP1, TSTA3, TUBA1B, TXNL1, UBP1) (Supplemental Fig. 4) . MYC, TGF-b, and NFjB were central nodes of this network, which is associated with functions of Infection Mechanisms, Cell Cycle, and Cellular Growth and Proliferation. The first and second networks are connected to each other via interactions with BAG4 and KRT17. Proteins of both networks showed cancer-associated functions of Cellular Assembly and Organization, Cell-To-Cell Signaling, and Cell Death (p \ 0.00001 to p = 0.0481). The third network with a score of 3 did not reach significance and included only one differentially expressed protein (DCPS).
Western blotting
Based on IPA analysis, fold changes, molecular functions, and availability of antibodies, YWHAQ, CAPZA1, GNAS, PRDX2, HDAC2, and TXNL1 were selected for downstream analysis by Western blotting. Two of these six proteins had a higher and four a lower expression in the aneuploid cell lines relative to the diploid lines. Westernblot expression showed one specific band for YWHAQ, TXNL1, CAPZA1, and HDAC2, while multiple bands could be observed for GNAS (polyclonal AB) and PRDX2 (monoclonal AB) (Supplemental Fig. 5 ). Western-blot fold changes of all six proteins were in accordance with 2-DE data. However, only three of the six proteins reached a significance of p \ 0.05 having either lower (TXNL1, CAPZA1) or higher expression (HDAC2) in the aneuploid group (Fig. 5b) . For GNAS (polyclonal AB with multiple bands), the p value was marginally larger than 0.05 (p = 0.062). None of the additional bands of the polyclonal GNAS antibody showed significant differences between the diploid and aneuploid group. Densitometric analysis of Western-blotting expression for YWHAQ and (Fig. 5b) .
Validation by tissue microarray
For proof of clinical relevance by tissue microarray (TMA)-based immunohistochemistry, we chose only those three proteins whose significant differential expression was validated by Western blotting. Representative staining scores of HDAC2, TXNL1, and CAPZA1 are shown in Fig. 6a . The inter-individual observer agreement was measured by Kappa statistics showing good overall agreement for scoring of CAPZA1 (83%, j = 0.77), HDAC2 (88%, j = 0.68) and TXNL1 (87%, j = 0.63).
As shown in Fig. 6b and TXNL1 (p = 0.026) (Supplemental Fig. 6 ). CAPZA1 did not present any significant expression differences.
Discussion
This study aimed at detecting aneuploidy-associated proteins with therapeutic and/or prognostic value for clinical application in colorectal cancer. Therefore, a total of seven colorectal cell lines were assessed for their DNA ploidy type. Comprehensive protein profiling detected 64 distinct spots that were differentially expressed between diploid and aneuploid colorectal cell lines. Twenty-five distinct proteins could be identified. Pathway analysis showed that most relevant functions associated with these proteins were related to Cellular Assembly and Organization, Cellular Function and Maintenance, Infection Mechanism, Cell Cycle, and Cellular Growth and Proliferation. Compromised cell cycle checkpoints favor malignant cells for accelerated proliferation thus leading to clonal expansion with uncompleted DNA repair [29] . Subsequent Western-blot analysis could not confirm significant differential expression for three of the six selected proteins: Expression levels of YWHAQ showed low fold changes in 2-DE gels (0.86) and Western blot (0.96). Therefore, expression differences might have been too subtle to reach significance for downstream analysis. While GNAS and PRDX2 presented promising fold changes in 2-DE gels (0.59 and 1.14) and Western blots (0.73 and 1.33), they also presented multiple bands. As the polyclonal antibody against GNAS most likely detected some of the seven isoforms of GNAS, the monoclonal antibody for PRDX2 should not have produced any additional bands. However, Manandhar et al. [30] also described additional bands with a PRDX2 antibody and concluded that its function was compromised. Low specificity of antibodies might therefore be attributable to the difficulties of detecting different isoforms and/or posttranslational modifications of proteins in translational research. In addition, identification of 2-DE protein spots may be hampered by additional proteins that underlay the spot of interest. Such phenomena may also impact the success rate of Western-blot validation.
Against this background, we consider it valuable that differential expression by 2-DE could be confirmed by Western blotting for TXNL1, CAPZA1, and HDAC2. While the first two proteins were more highly expressed in the diploid than in the aneuploid group, the expression pattern for HDAC2 was reversed.
The TXNL1 gene encodes a protein that belongs to the thioredoxin family of small redox active proteins which have a conserved active site sequence. It is involved in cellular response to sugar starvation stress and regulates the redox states in higher eukaryotes [31, 32] . It has been reported that TXNL1 overexpression can increase the transcriptional repressor function through its binding to the transcription factor B-Myb [33] . Thus, TXNL1 overexpression specifically predisposes to G0/G1 phase arrest. Overexpression of thioredoxins has previously been shown for different tumor entities as compared to normal tissues [34] . In line with this report, strong immunopositivity (score 2 ? 3) was significantly more often observed in our carcinoma specimens (39.2%) as compared to adjacent normal mucosa (10.5%) ( Supplemental  Figs. 6, 7) . While maintaining genomic stability in normal tissue seems to require only low TXNL1 expression levels (89.5%, score 0 ? 1), disturbances of the cellular equilibrium in malignancies might require increased expression levels to maintain or re-gain genomic stability. While this is achieved and reflected by strong immunopositivity (score 3) in a substantial number of diploid carcinomas (24%), aneuploid carcinomas seldom reached such high expression levels (6.4%). Overexpression in diploid malignancies could therefore help to maintain genomic stability.
CAPZA1 was also significantly less expressed in the aneuploid group of colorectal cancer cell lines, but did not reach the level of significance by immunohistochemistry validation. CAPZA1 was weak (44.4%) to moderately (55.6%) expressed in the normal tissue (Supplemental Fig. 7) . In contrast, strong immunoreactivity could only be observed in malignant tissue (diploids 24.1%, aneuploids 15.2%). This finding supports our previous results where CAPZA1 was also higher expressed in primary colorectal carcinomas and associated metastases than in normal and adenoma tissue [9] . CAPZA1 is a member of the F-actin capping protein alpha subunit family and encodes the alpha subunit of the barbedend actin binding protein. The protein regulates growth of the actin filament by capping the barbed end of growing actin filaments. While no definite link has been established between CAPZA1 and aneuploidy in cancer so far, it is intriguing to assume that CAPZA1 may also compromise the integrity of actin filaments and actin-binding proteins that are required for reliable chromosome segregation. Disturbed or insufficient CAPZA1 expression levels could thus contribute to genomic instability [35] . The reason why immunohistochemical validation of CAPZA1 expression lacked statistical significance requires additional evaluation.
In contrast to TXNL1 and CAPZA1, HDAC2 was expressed at high levels in the aneuploid colorectal cancer cell lines. TMA-based validation confirmed this finding: while HDAC2 immunoreactivity was absent (42.1%) or weak (52.6%) in normal mucosa, carcinomas showed moderate to strong immunoreactivity (51.3%) ( Supplemental Figs. 6, 7) . This is in line with the study by Ashktorab et al. [36] who described a correlation of HDAC2 expression with the progression from adenoma to carcinoma. Furthermore, we here present that a more frequent HDAC2 immunopositivity characterizes aneuploid carcinomas (91.3%) that are known to show an inferior prognosis than diploid carcinomas [11] . HDAC2 positivity was only 70% in diploid carcinomas and 57.9% in normal tissue ( Fig. 6b and Supplemental Fig. 7 ). HDAC2 plays an important role in transcriptional regulation and cell cycle progression [37] . It has been found to be overexpressed in different tumor entities including colon cancer [36, 38] . HDAC2 overexpression has also been associated with reduced survival of patients with oral and/or colorectal cancer [39, 40] . Poor prognosis, however, characterizes aneuploid malignancies overall including colorectal cancers as shown also in this work. Interestingly, HDAC2 overexpression seems to be induced by APC loss and to be sufficient on its own to prevent apoptosis, thus favoring the development of genomic instability and tumor growth [41] . The inhibition of HDAC in combination with chemotherapy (doxorubicin) is currently assessed in phase I clinical trials. Hereby, HDAC2 overexpression in the primary tumor serves as predictive marker for efficient HDAC inhibition [42] . Our data define a close correlation of HDAC2 overexpression, aneuploidy, and poor prognosis. It seems therefore reasonable to suggest that HDAC2 overexpression is a mere reflection of aneuploidy and that patients with aneuploid tumors in particular could benefit from HDACi treatment. In this respect, it seems worthy to acknowledge that about 70% of colorectal cancers are aneuploid. Furthermore, the proteins that were identified to be overexpressed and highly correlated with aneuploid carcinomas (e.g., HSPA8, HSPA9, and PDIA3) might serve as promising targets for chemotherapeutic intervention and are suggested for further analyses. In addition, IPA network genes need to be subjected to validation and functional evaluation studies.
In summary, HDAC2 and TXNL1 could be validated as aneuploidy-associated proteins in 78 primary colorectal cancers by immunohistochemistry on tissue microarrays. Further studies for their prognostic value are warranted.
